Mycobacterium tuberculosis infects one-third of the world, makes over 8 million ill each year, and kills 1.8 million, 450,000 of whom are children (8) . Though M. tuberculosis is one of the oldest known human pathogens, our ability to combat the spread of the disease remains insufficient, and the global health burden of tuberculosis is increasing (42) . Keys to the success of the tubercle bacillus include its ability to persist within its host for decades, evading the immune system, and its uniquely complex lipid-rich cell wall; both are felt to be target areas for drug development (1, 3, 19, 25, 26) . Though scientific advances have increased our understanding of the cell wall and persistence, much more remains to be learned. Lipid metabolism and cell wall remodeling are important components of this understanding. Our investigations describe a novel enzymatic activity in mycobacteria, mycobacterial phospholipase A (MPLA), which likely contributes to these processes and is associated with putative mycobacterial cutinases.
PLAs cleave phospholipids into lysophosphatidylcholine (LPC) and fatty acid (FA) (13) . They are classified as PLA 1 or PLA 2 based on whether they cleave the sn-1 or sn-2 FA, respectively, at the ester linkage. They are further divided into groups based on cellular location, calcium dependence, and active site residues, among other attributes (11, 34) . Some PLAs are part of the alpha-beta hydrolase fold superfamily (32) . PLAs are essential components of bee and snake venom. They are well described for humans, in whom their dysregulation contributes to inflammation and disease (12, 44) . In bacteria, PLAs as virulence factors are described for only a few pathogens (17) . For mycobacteria, MPLA activity is alluded to in a few articles, though the protein imparting the activity has not been purified nor the gene encoding the active protein elucidated (2, 6, 24, 35, (38) (39) (40) (41) . The annotated M. tuberculosis amino acid sequence identifies no putative MPLAs, and similarity and motif searches are also unrevealing.
Cutinases, also members of the alpha-beta hydrolase fold superfamily, are serine esterases whose primary substrate is cutin, a component of the waxy, exterior layer of plants (5, 16, 20) . Cutinases cleave the cutin polymer into monomers, facilitating plant invasion by cutinase-producing fungi. In addition to cutin, cutinase substrates include biodegradable plastics, triand diacylglycerols, and certain nitrophenyl esters. Phospholipase activity has not been previously associated with cutinases. Cutinase research primarily focuses on phytopathogenic fungi, on the use of cutinase in laundry agents to remove plant stains, and on the use of cutinase to degrade biodegradable plastics (4, 5, 10) . Fusarium solani cutinase is perhaps the most well studied cutinase (14) . The cutinase catalytic triad is a serine, an asparagine, and a histidine in an oxyanion hole. Unlike phospholipases, they do not exhibit interfacial activation, though they are stabilized by detergents (28) . Though mycobacteria have open reading frames annotated as putative cutinases based on motif searches, there is no published research on them. M. tuberculosis has seven such annotations in its proteome, even though it does not encounter plants (and thus cutin) in its environment. This suggests an alternative use for this family of enzymes by M. tuberculosis.
In this study, we describe secreted MPLA activity in mycobacteria. Purification of this activity demonstrates that it is associated with mycobacterial cutinase. As exogenous active protein expression has not yet been possible, we present the data supporting the idea that mycobacterial cutinase is indeed a PLA. We analyze the putative cutinases in mycobacteria and explore the prevalence and cellular location of PLA and cutinase activity. We report phospholipids and polysorbates (Tween) as novel substrates for cutinases. We theorize that this novel PLA/cutinase activity has been conserved in mycobacteria because it plays an important role in mycobacterial lipid manipulation (cell wall or nutritional) and thus pathogenesis.
Throughout this paper we will use the term MPLA to designate the enzyme that we purified for its PLA activity from ml of crude filtered culture supernatant was precipitated with 80% ammonium sulfate and resuspended with 5 ml of 25 mM Tris, pH 7.4, with and without 0.5% Triton, and half of this was dialyzed to remove the ammonium sulfate. Fifty microliters of these solutions was then assayed. In addition, 160 g of lyophilized culture filtrate protein from Colorado State University in 50 l of 25 mM Tris, pH 7.4, with 0.5% Triton was assayed.
(iii) Mycobacterial gross cell wall/membrane fraction. Mycobacterial pelleted cells were resuspended in 300 l per 0.1 g (wet weight) of cells and then disrupted three times, on ice, with a tissue tearer (Biospec Products, model 985-370) at 30,000 rpm for 30 s. The cell debris was pelleted (15 min, 16,000 ϫ g, 4°C), and 50 l of this supernatant was used for assay.
(iv) M. tuberculosis H37Rv, fractionated. One hundred sixty micrograms of cell wall, cytosol, and membrane was used per radiolabel assay, resuspended in 50 l of 25 mM Tris, pH 7.4, with 0.5% Triton X-100. For the NPB assay, the final concentration of each M. tuberculosis H37Rv fraction in the 200-l assay mixture was as follows: whole cells, 0.5 mg/ml; culture filtrate protein, 0.31 mg/ml; cell wall, 0.1 mg/ml; membrane, 0.25 mg/ml; and cytoplasm, 0.18 mg/ml, as assessed with a Nanodrop spectrophotometer. For substrate specificity and turnover rate assays, partially purified MPLA after the liquid chromatography steps was used. Purified MPLA after the native gel electrophoresis purification step was also checked for MPLA activity on [
14 C]PC and for cutinase activity on NPB and NPP.
PLA activity assays. Unlabeled dipalmitoyl PC was resuspended at 23 mM in chloroform. Cold PC (0.25 l) and 0.1 l of 14 C-radiolabeled phospholipid per reaction were dried down and then resuspended with 50 l of 50 mM Tris, pH 7.4, buffer with 0.5% Triton per reaction mixture to make mixed micelles. This solution was sonicated three times for 30 s each, with vortexing in between. Fifty microliters of this substrate was then added to 50 l of enzyme solution and incubated at 37°C for 2 to 3 hours. The reaction was quenched with 100 l of chloroform-methanol-HCl (50:50:0.3, vol/vol/vol), vortexed, and centrifuged at 13,000 rpm for 2 minutes. The organic phase was then plated on 60-angstrom silica plates (Whatman 4807-425) that were prerun in chloroform-methanol (1:1, vol/vol) and then placed in hexane-diethyl ether-acetic acid (70:30:1, vol/vol/vol) solvent. Lipids were visualized by being charred with 10% cupric sulfate (wt/ vol)-8% phosphoric acid (vol/vol).
Polysorbate (Tween) activity assays. Polysorbate was added to 50 mM BisTris, pH 7.0, at a concentration of 2% (wt/vol). Fifty microliters of this was added to 50 l of enzyme solution and incubated for 4 hours at 37°C. The reaction mixture was quenched with 100 l of HCl-methanol-HCl (50:50:0.3, vol/vol/vol), vortexed, and centrifuged at 13,000 rpm for 2 minutes. The organic phase was then plated on 60-angstrom silica plates (Whatman 4861-820) and placed in chloroform-methanol-acetic acid (13:3:1, vol/vol/vol) solvent. Lipids were visualized by being charred with 10% cupric sulfate (wt/vol)-8% phosphoric acid (vol/vol).
Cutinase activity assays. Cleavage of NPB and that of NPP were used as surrogates for cutinase activity. One hundred fifty microliters of 10 mM NPB resuspended in 50 mM Bis-Tris, pH 7.0, with 5% glycerol was added to 50 l of enzyme solutions and control buffer in a 96-well plate and incubated at 25°C. For NPP, 20 mg was resuspended in 2.65 ml acetonitrile and isopropanol (1:4, vol/vol); 10 l of this was added to 140 l of 50 mM Bis-Tris, pH 7.0, with 5% glycerol; and this was added to 50 l of enzyme solution. Absorbance was read with a plate spectrophotometer at 415 nm at various time points.
Turnover rate calculations. For calculation of turnover rate, an extinction coefficient for p-nitrophenyl of 15,250 mol Ϫ1 cm Ϫ1 and a path length of 0.8 cm for the 96-well plate were used in Beer's law equation (18) . Masses used were as follows: M. smegmatis putative cutinase, 29.175 kDa; F. solani cutinase, 22.362 kDa; and T. lanuginosus, 29.923 kDa.
Mass spectrometry of purified MPLA. Proteins from partially purified samples were resolved by native and SDS-polyacrylamide gel electrophoresis, bands were excised and digested in-gel with trypsin, and mass spectrometry was performed as described previously (36) . Data were analyzed using SEQUEST to compare the theoretical tandem mass spectrometry spectra of an annotated M. smegmatis library and compare data against the annotated M. tuberculosis H37Rv genome (7).
RESULTS
Identification and purification of MPLA activity in mycobacteria. While we were investigating phospholipase C activity in M. tuberculosis, products consistent with MPLA activity (FA and LPC) were seen on TLC, and mass spectrometry confirmed their presence (data not shown). Because a putative gene encoding an MPLA could not be identified by BLAST and motif searching, purification for reverse genetics was undertaken. The purification is summarized in Table 1 . MPLA activity was purified from M. smegmatis 14468 instead of M. tuberculosis H37Rv because M. smegmatis, unlike H37Rv, secretes the MPLA activity into the culture supernatant and is not a biosafety level 3 pathogen. Purification was followed by TLC analysis using [
14 C]PC as a substrate. Purification included a 60% ammonium sulfate precipitation of 7.2 liters of culture supernatant, followed by a cation-exchange step. In cation exchange, MPLA activity was in the flowthrough, and though this step did not add to the purification, it removed particulate not removed by the 0.45-m filter that would otherwise clog the UNO Q columns. The flowthrough from cation exchange was then applied to anion exchange on an UNO Q6 column, pH 8.1, followed by an UNO Q1 column at pH 8.6. Active fractions were then applied to the UNO Q1 column again at pH 9.2. At this point in purification, specific activity had increased from 0.2 to 38,062 trace units of FA per milligram, a purification of 222,585-fold. This product was designated "partially purified MPLA" and is referred to as such in this paper. These active fractions were then spin concentrated 10-fold, and native gel electrophoresis was performed. Four bands were visible with Coomassie colloidal blue (Fig. 1A) ; these bands, as well as eight other areas of the gel without visible protein, were eluted, and MPLA activity was assessed by TLC (Fig. 1B) . Activity was associated with only one band eluted from the native gel, and this fraction was also active on NPB and NPP (see below). This product was designated "purified MPLA." This preparation produced only one band on a silver-stained SDS electrophoretic gel, at approximately 30 kDa (Fig. 1C) .
Identification of the gene encoding MPLA activity in M. smegmatis. Activity eluted from the native gel during purification was digested with trypsin and subjected to mass spectrometry. Mass densities were then compared to the annotated proteome of M. smegmatis mc 2 155. Four trypsin fragments were identified, two in the M. smegmatis homologue of M. tuberculosis Rv1926c, annotated as an immunoprotective extracellular protein, and two in Rv3452, annotated as cutinase 4.
Analysis of Rv1926c did not show any lipase motifs, while analysis of Rv3452 revealed it as a serine esterase in the same superfamily (alpha-beta hydrolase fold) as some PLAs, and thus this family of enzymes was pursued.
Analysis of cutinases in mycobacteria. Searches in NCBI (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi), Tuberculist (http://genolist.pasteur.fr/TubercuList/), Pfam (http://www.sanger .ac.uk/Software/Pfam/), and TIGR (http://www.tigr.org/) databases found that all mycobacteria in these databases have 1 to 11 open reading frames annotated as cutinases (Table 2) . M. tuberculosis H37Rv has eight such annotations ( Table 2 ). Six of these indeed have an identifiable cutinase motif, P- ; one has a partial motif; and one does not contain the motif and appears to be a partial protein adjacent to another probable cutinase. M. tuberculosis CSU 93 and M. bovis each have seven putative cutinases. The M. smegmatis cutinase that we identified by mass spectrometry is most similar to M. tuberculosis H37Rv 3452 (42%). H37Rv 3452 has 37% similarity with F. solani cut12 and 57 to 72% similarity with the other M. tuberculosis putative cutinases (Fig. 2) . The mycobacterial cutinases are designated as such based on the presence of the motif, not on activity.
Activity of M. smegmatis purified MPLA on the cutinase substrates NPB and NPP. Described cutinase substrates include cutin, tri-and diacyclglycerols, nitrophenyl esters, and biodegradable plastics. Though techniques for making cutin powder have been described, our attempts to make a workable cutin substrate were unsuccessful. This difficulty is well recognized, and many authors recommend using NPB as a surrogate for cutinase activity (33) . Purified MPLA, as well as control F. solani cutinase and T. lanuginosus lipase, was active in this assay (Tables 3 and 4 ). We present gross activity and a calculated turnover rate (molecules per minute [ Table 4 ]); the experiment was done in triplicate, on partially purified MPLA after all liquid chromatography steps. The turnover rate for (Fig. 3 ). An interesting difference did exist, however. M. marinum 25039 and 11566 and M. smegmatis 14468 and mc 2 155 all had MPLA activity in their culture supernatant, while activity was not detected in the supernatant of M. tuberculosis H37Rv. Because some of the cutinases are described in culture filtrate protein from H37Rv (Rv1984c, Rv3452, and Rv2301), there was concern that our result was due to specimen processing (37) . We thus tested culture filtrate protein, irradiated cell-depleted supernatant, and cell-depleted supernatant with and without ammonium sulfate precipitation and still found no culture supernatant MPLA activity in M. tuberculosis H37Rv. Activity in M. tuberculosis H37Rv was associated with the cell pellet, and upon fractionation the activity was in the cell membrane and cell wall fractions in both a radiolabeled PC assay and an NPB assay (Fig. 4) , by both total protein and mol mg Ϫ1 . The average activity (mol mg Ϫ1 ) at 60 minutes was as follows: whole cells, 0.57; culture filtrate protein, 0.40; cell wall, 1.80; cell membrane, 6.62; and cytoplasm, 0.54.
PLA activity in M. smegmatis partially purified MPLA and known cutinases. Because it is difficult to see why mammalian pathogens such as those in the M. tuberculosis complex would retain seven cutin-degrading enzymes, we sought to explore possible alternative substrates. Radiolabeled phospholipids in a TLC assay were used to investigate PLA activity of purified MPLA and known cutinases. F. solani cutinase, which contains a full cutinase motif, and T. lanuginosus lipase, which does not contain the full cutinase motif but is known to have cutinase activity as well as extended-spectrum lipase activity, were investigated along with snake venom PLA 2 and partially purified MPLA. F. solani, T. lanuginosus, snake venom PLA 2 , and partially purified MPLA were all active on PC, phosphatidylethanolamine, and phosphatidylserine. Partially purified MPLA alone was active on sphingomyelin (Fig. 5) .
Tween-hydrolyzing activity of M. smegmatis partially purified MPLA and known cutinases. While we were investigating optimal conditions for supernatant MPLA activity in M. smegmatis, it was noted that the addition of Tween 80 to the culture medium enhanced MPLA activity. As Tween compounds are FA esters of sorbitan polyethoxylates, we investigated the ability of partially purified MPLA and known cutinases to release FA from Tween in a TLC assay. All of these enzymes, but not snake venom PLA 2 , cleave Tween 20, 40, 60, and 80 (Fig. 6) , which are predominantly composed of lauric, palmitic, stearic, and oleic acids, respectively.
DISCUSSION
Mycobacteria have MPLA activity that is associated with putative cutinase. Though MPLA activity has been alluded to in a few publications, this is the first paper to definitively 
a PE, phosphatidylethanolamine; PS, phosphatidylserine; SM, sphingomyelin; T20 to T80, Tween 20 to Tween 80, respectively; Ϫ, not specific; ϩ, specific. 14 C and the first paper to associate this activity with a specific mycobacterial protein.
We present the evidence that associates mycobacterial MPLA activity with mycobacterial cutinase. First, the presence of a cutinase motif correlates with MPLA activity, as the motif and the activity are found in all mycobacteria tested. Second, the cellular localization of M. tuberculosis MPLA activity correlates with the localization of cutinase activity, as both are found in the cell membrane and cell wall. Third, purification of MPLA activity from M. smegmatis yielded a protein identified as a putative cutinase by mass spectrometry, and this purified MPLA has cutinase activity by NPB and NPP assays, while known snake venom PLA does not. Fourth, we report that known cutinases have PLA activity, and thus it is reasonable that a protein purified for its MPLA activity is a putative cutinase. Fifth, partially purified MPLA and known cutinases, but not snake venom PLA, share another previously undescribed group of substrates, the Tweens.
Furthermore, it is logical that cutinases have PLA activity. The alpha-beta hydrolase fold superfamily encompasses many enzymes. Cutinases are the smallest members of this family, and in our analysis they bear particular resemblance to the group VII PLA 2 s, and to the other PLA 2 s using a catalytic serine, though without the C 2 domain or a cap over their catalytic domain. However, for cutinases to be established as PLAs, certain criteria put forth in the literature must be fulfilled (34) . We will pursue this once we have exogenously expressed protein. Though PLA activity may not be the pri-mary activity of all cutinases, PLA activity is clearly a part of the cutinase repertoire. In pathogens that do not encounter cutin, the presence of these enzymes likely represents an evolutionary divergence, and activity on other substrates is likely to be more important. Our data add a broad range of phospholipids and the Tweens to the list of cutinase substrates. Of particular interest is partially purified MPLA's activity on sphingomyelin, a phospholipid not known to exist in mycobacteria (27) .
The activity of these enzymes on Tween is also intriguing, as Tween is widely added to mycobacterial culture medium to prevent cell clumping. A longtime debate has been the concern over Tween as a viable carbon source and the influence of Tween on growth (21, 31) , antimicrobial susceptibility (45) , and the mycobacterial cell wall (22, 23) . The ability of cutinases to cleave these compounds, releasing FAs, provides insight into possible uses of Tween by mycobacteria and the possibility that Tween could alter experimental results, especially in studies of mycobacterial lipids (43) . We are pursuing further investigations in this regard.
Though the MPLA activity is not specific to pathogenic mycobacteria, the difference in the locations of the activity-in the cell membrane and wall in M. tuberculosis H37Rv and additionally in the culture supernatant in strains of M. marinum and M. smegmatis-is intriguing and may suggest an environmental adaptation. Extracellular secretion may provide an advantage for an environmental organism that degrades plant matter, while for an intracellular pathogen this may be a disadvantage due to toxicity. We cannot explain why the cutinase proteins published as being in the culture supernatant are not active under our MPLA assay conditions. Either these enzymes were inactivated in processing, are inhibited, or need a certain cofactor, or not all proteins with a cutinase motif have PLA activity. Notably, it has long been known that esterase activity is absent from the culture supernatant of M. tuberculosis, in contrast to other mycobacteria, as this property was used as a tool to differentiate them; our results are consistent with this observation (9) .
The low turnover rate for NPB by partially purified MPLA compared to that of known cutinases may reflect damage to MPLA during the purification process, conditions which are not optimized, or a difference in substrate specificity. Formal kinetic studies will be undertaken when purified recombinant protein is available, as well as kinetic studies on other substrates.
While a few other bacteria have cutinases, the majority of organisms found with the motif are fungi. No proteins with a cutinase motif have been identified in humans. Though cutinases are important in phytopathogens, which can occasionally cause opportunistic infections, this is the first publication on cutinases in a strictly mammalian pathogen. The cutinase motif is prevalent in environmental as well as pathogenic strains of mycobacteria. Though M. tuberculosis complex organisms have retained seven open reading frames annotated as cutinases, it is likely that evolutionarily the activities of these enzymes have diverged. Though individually the M. tuberculosis cutinase genes are not essential, according to Himar1-based transposon mutagenesis in H37Rv (15, 30) , their redundancy implies an important role. As there is no rationale for cutinases in mammalian hosts, we propose that these enzymes act on other FA-containing substrates.
Conclusion. Mycobacteria including the M. tuberculosis complex have MPLA activity, and this activity is associated with proteins annotated as mycobacterial cutinases. Known cutinases from F. solani and T. lanuginosus have PLA activity as well, supporting this association. The redundancy of cutinases in the M. tuberculosis genome suggests an important role, and as this pathogen should not encounter cutin, their activity must be directed at alternative substrates, and possibilities include an array of phospholipids and Tweens. The activity of these enzymes may contribute to virulence through their likely modification of mycobacterial and environmental lipids, either for cell wall remodeling or for carbon scavenging.
